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In previous work it has been observed that the direct application of the law-of-the-wall 
in flows of high concentrations of cohesive sediments, results in overestimation of the bed 
shear stress. In this experimental work the effect of various turbidity levels on the drag 
coefficient and shear stress over a smooth bed is  investigated. For this purpose, turbid 
flows were simulated in a laboratory annular flume (the Lab Carousel), using kaolinite 
suspensions  of  different  concentrations,  varying  from  0  to  60  g/l.  Flow  velocity 
measurements were taken in the turbulent boundary layer of hydraulically smooth flows 
and the values of bed drag coefficient and shear stress were calculated using the method of 
Flow Deceleration. The results obtained after the processing of the velocity time-series and 
the application of the Flow Deceleration method indicate that there is no evidence of shear 
stress modification for suspended sediment concentrations below 3 g/l. However, at higher 
concentrations  the  flow  in  the  Lab  Carousel  exhibited  different  boundary  layer 
characteristics. Therefore, the bed drag coefficient showed a significant response to the 
increase of the suspended clay concentration by decreasing up to ~ 50% from the clear 
water value over the range 3-60 g/l under a flow speed range of 0.8 m/s. The equivalent 
decrease in bed shear stress was calculated as ~ 40%. These results are in accordance with 
earlier  findings  of  various  researchers,  thus  confirming  the  validity  of  the  Flow 
Deceleration method, used in accurate estimations of the bed drag coefficient and shear 
stress within the Lab Carousel.   
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Dissipation  Method)  (Dyer,  1986;  Thompson  et  al.,  2003).  However,  all  of  these 
methods exhibit  various problems when used  in field applications, requiring  more 
sophisticated  measurements  and  analytical  procedures  and,  therefore,  they  are 
considered  as  impractical.  The  drag  coefficient  is  dependent  on  the  boundary 
roughness  and  flow  Reynolds  number  (Nikuradse,  1950).  It  also  depends  on  the 
presence  of  suspended  load  (McCave,  1973;  Ludwick,  1975)  and  large-scale 
bedforms.  In  some  cases  a  constant  value  of  the  drag  coefficient  is  considered, 
regardless the hydrodynamic roughness and flow strength (Sternberg, 1968; 1972). 
This fact makes the estimated values of shear stress less accurate. The present work is 
focussed on the determination of the shear stress exerted on a smooth boundary by 
flows transporting cohesive sediments in suspension. 
Flows carrying clay material in suspension are common in a wide range of marine, 
fluvial and terrestrial environments, wherever a sufficient supply of sediment exists. 
They can be observed as river flows, subaerial mudslides and lahars, tidal currents in 
estuaries and on tidal flats, turbidity currents in marine basins, etc (Simpson, 1997; 
Leeder, 1999). Such flows and their characteristics have been experimentally studied 
by various researchers (Grant et al., 1984; Komar, 1985; Pantin & Leeder, 1987). 
From  previous  work  it  has  been  observed  that turbulent  seawater  flows  with  low 
concentrations of suspended clay (<10 g/l) exhibit dramatically different boundary 
layer characteristics from clear water flows (Best & Leeder, 1993; Gust, 1976; Gust & 
Walger, 1976; Amos et al., 2003). In particular they show the phenomenon of drag 
reduction,  which  causes  significantly  lower  friction  factors  and  higher  erosion 
thresholds than predicted by experimental data, obtained from clear water flows using 
the law of the wall for bed shear stress estimations. 
This work aims to present the results of experiments on the effect of fine suspended 
sediment on the bed drag coefficient and bed shear stress, to interpret these results and 
compare them to the results obtained by other researchers. The laboratory simulations 
undertaken within this project deal with the determination of the drag coefficient of 
high density flows. It should be emphasized that the method used in the experiments 
is the flow deceleration method, which is based on Newton’s second law and has been 
successfully used in clear water measurements by Thompson et al., (2004). It has been 
proven that with the use of the flow deceleration method, the estimation of the drag  
  8 
newtonian rheologies are typical of many natural flows, such as water-saturated muds 
(fluid  muds),  while  this  non-newtonian  response  plays  an  important  role  in  the 
processes of slumping, sliding and avalanching. 
 
Figure    2.3  Shear  stress  plotted  against  shear  rate  for  materials  of  different  rheological 
behaviour (Leeder, 1999). 
Based  on  the  behaviour  of  substances  under  shear,  several  types  of  rheological 
response  can  be  distinguished  (Figure    2.3).  In  pseudoplastic  (non-newtonian) 
materials  the  dynamic  viscosity  (m)  is  high  at  low  shear  rates  but  decreases  with 
increasing shear rate up to a constant value. Such substances are also known as shear-
thinning,  e.g.  muddy  fluids,  showing  a  structure  of  interacting  clay  particles  that 
increase the fluid’s overall resistance to the flow. As the shear rate in a muddy fluid 
increases, this structure is gradually destroyed and then the shear-thinning behaviour 
is produced (Dyer, 1986). Dilatant (non-newtonian) fluids are those whose dynamic  
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viscosity  (m)  increases  with  the  shear  rate.  This  type  of  rheological  response  is 
common  in  some  polymer  suspensions.  Bingham  plastic  substances  show  a 
Newtonian  behaviour, as the dynamic  viscosity  remains constant under  increasing 
shear rates. However, an  initial  shear stress, termed as the  ‘yield stress’,  must be 
applied before strain occurs. The Bingham yield stress arises due to residual effect of 
particle  interaction  and  is  related  to  the  magnitude  of  the  attraction  among  the 
particles. Examples of natural flows showing plastic behaviour are lava and debris 
flows. In such flows, a finite yield strength allows morphological features like levees, 
flow  snouts  and  flow  wrinkles  to  be  preserved  during  flow  and  after  motion  has 
stopped, while particle settling is likely to be hindered or even impossible. 
 
Figure    2.4  Rheological  behaviour  of  quartz/kaolinite  mixtures  in  suspension  for  varying 
percentages of kaolinite (Volumetric concentration is 0.2%) (James & Williams, 1982). 
Some examples of geophysical flows, driven by various mechanisms and showing a 
Newtonian-flow  type  are  the  following:  a)  surface  water  flows  in  river  and  delta 
channels, driven by gravity b) gravity driven tidal flows c) ocean surface currents  
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the  sediment  concentration  is  much  lower.  Such  suspensions  do  not  move 
horizontally, however, gradual settling could occur. Sediment cores obtained through 
stationary  fluid  muds  reveal  structureless  muddy  silts  with  occasional  thin  sandy 
laminae (Kirby and Parker, 1983), while sonar records show sharp upper surfaces of 
stationary suspensions. 
 
Figure   2.10 Concentration and velocity profiles with associated sediment fluxes. The velocity 
profile represents wave motion. (Mehta & Li, 1998) 
The erosion of a muddy bed by a flow will generally occur when the bed shear stress 
exceeds  the  local  critical  shear  resistance.  However,  the  threshold  conditions  for 
entrainment of mud are not simply a function of grain size, but depend on various 
parameters, like clay mineralogy, chemical composition of fluid, state of fluid flow, 
organic  content  and  previous  depositional  history.  For  example,  consolidation  of 
deposited muddy beds is very important, because it causes an increased cohesiveness, 
hence increased erosion resistance with depth. This results in high surface erodibility 
of muddy beds, which is followed by stability at a greater depth. Additionally, the 
presence of surface algal films and coatings on many marine deposited muds exhibits 
a binding effect, which decreases erodibility (Paterson, 1997).  
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supported  that  the  thickened  wall  layer,  observed  in  drag  reducing  flows,  causes 
upward migration of the zone of maximum turbulent shear stress. This produces a 
thicker  zone  where  the  disaggregation  of  clay  flocs  is  less  likely  to  occur. 
Consequently, within the thickened wall layer the resuspension rate of the deposited 
flocs is decreased, while the deposition rate is increased (McCave and Swift, 1976). 
Furthermore,  Gust  and  Walger  (1976)  conducted  both  field  and  laboratory 
experiments and found that when drag reduction occurs in tidal flows with suspended 
cohesive  sediments,  then  the  friction  velocity  is  reduced  by  possibly  20-40%  as 
compared with sediment-free flows. This allows the preservation of freshly deposited 
mud over several tidal periods. In their flume experiments they used a mixture of 
illite, kaolinite and chlorite minerals with concentrations less than 380 mg/l. As the 
main generating mechanism for the observed turbulent drag reduction, they proposed 
the dynamic interaction between turbulent shear strain in the flow and deformation of 
aggregates. 
Some aspects of the dynamics of turbidity currents and subaqueous slides might also 
be explained by the drag reduction  phenomenon. In dilute turbidity currents drag 
reduction could cause lower bed friction factors, allowing higher flow speeds than 
those expected in clear water flows (Stow and Bowen, 1980; McCave, 1984). In such 
a case, previously estimated values of  velocity  and range  may  be underestimated. 
Besides, it is known that the mud/silt interlaminations and microripples present in the 
Bouma D/E divisions of turbidites are formed due to the processes of size segregation. 
Such processes are strongly linked to the turbulent characteristics of the thickened 
wall layer, which is observed in drag reducing flows (Hesse and Chough, 1980; Stow 
and  Bowen,  1980).  Besides,  Best  and  Leeder  (1993)  performed  qualitative 
experiments in order to further investigate the effects of drag reduction upon bedform 
development. In their first experimental run they developed a uniform flow over a 
sand bed, with a maximum flow velocity just above the threshold of movement. Then 
a suite of current ripples formed on the bed surface. In the second experimental run, 
the first experiment was repeated but this time a clay-suspension flow of 0.2 g/l was 
established over the sand  bed. The developed current ripples  showed significantly 
lower  amplitudes  and  wavelengths  than  those  formed  in  clear-water  flow.  It  was 
proposed that drag reduction was responsible, as it didn’t allow the true threshold of 
movement to be reached during the second run. Flow separation still occurred over  
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the current ripples, however, the reduced near bed velocities caused a decrease in near 
bed  erosion  at  flow  reattachment  points.  It  is  noteworthy  that  the  current  ripples 
generated on the sand bed show analogues to the forms (microripples), which are 
common in the deposits of dilute turbidites (Hesse and Chough, 1980). 
It  is  generally  accepted  that  several  aspects  of  sediment  transport,  deposition  and 
bedform development in natural marine environments are significantly affected by the 
drag reduction process. This is supported by many researchers, whose observations on 
natural and experimental turbid flows, are presented in the following brief overview. 
It  is  obvious  that  experimental  study  of  these  processes  requires  flow-measuring 
devices with adequate spatial and temporal resolution. It should be noted that more 
recent experimental data (e.g. data obtained with the use of LDV and ADV sensors) 
are considered to be accurate and reliable. 
According to Dyer (1986) and Mehta & Dyer (1990) the suspension of fine-grained 
sediments can significantly change the boundary layer structure and bed shear stress, 
and this in turn affects the processes of cohesive sediment erosion. Best and Leeder 
(1993) demonstrated the drag reduction in turbulent sea-water flows by laboratory 
experiments using non-intrusive laser Doppler anemometry in clay suspensions of 2.2 
g/l (maximum concentration). They observed that an increase in clay concentration  
caused progressively lower velocities near the wall due to a gradual thickening of the 
buffer region of the turbulent boundary layer. Besides, Graham (2000) confirmed the 
general  effect  of  particles  to  attenuate  turbulence,  studying  the  influence  of  a 
dispersed phase on carrier flow turbulence. The carrier flow is assumed to be a simple 
homogeneous  shear,  in  which  the  fluid  Reynolds  stress  tensor  is  independent  of 
spatial location, but in which there is a linear mean shear across the flow. He found 
extra dissipation terms in the Reynolds stress equations compared with those arising 
in isotropic turbulence. He also developed a simple model for predicting the reduction 
of turbulent kinetic energy in particle-laden turbulent shear flows, and compared the 
theoretical results with his experimental data. 
Finally, Li and Gust (2000) observed the drag reduction in suspension flows of clay 
concentrations 4 and 8 g / l. In their approach velocity profiles and bed shear stresses, 
expressed as shear velocities, were measured using epoxy-coated hot-film sensors in  
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kinds  of  flocs  do  not  damp  turbulence  and  do  not  cause  drag  reduction.  At  high 
concentrations  all  flocs  in  clay  suspension  connect  together  and  form  a  three-
dimensional net structure, which affects the resistance in two ways: first by damping 
turbulence  (Figure    3.3)  and  reducing  the  resistance  and  second  by  increasing  the 
viscous resistance. In turbulent flows over a gravel bed the turbulent shear dominates 
the resistance, so the three-dimensional clay structure suppresses the development of 
turbulent  eddies  and  causes  drag  reduction.  In  turbulent  flows  over  a  smooth 
boundary  both viscous stress and turbulent stress are high enough, so the effect of 
damping turbulence is counterbalanced by the effect of increasing viscous resistance. 
Therefore, drag reduction is not observed. 
 
Figure   3.3 Average turbulence intensity T as a function of volume concentration Cv  of clay 
suspensions (Data of Wang et al., 1998). 
Additionally, Bogue and Metzner (1963) did not find drag reduction in turbulent pipe 
flows of clay suspensions, while Hou and Yang (1983) used clear water and clay 
suspensions  between  rotating  and  fixed  smooth  plates  in  order  to  study  the  fluid 
resistance  on  the  relatively  moving  plates.  They  found  that  almost  in  all  
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The Lab Carousel is equipped with: i) A one-dimensional class IIIb Helium-Neon 10 
mW Laser Doppler Velocimeter (LDV) ii) A single point Nortek® Acoustic Doppler 
Velocimeter  (ADV)  iii)  A  Marsh  McBirney®  Electro-magnetic  Current  Meter 
(EMCM) (model 512) iv) Three optical backscatter sensors (OBS’s; Downing, 1983) 
v) A digital video camera. It is known that the Laser Doppler Velocimeter (LDV) is a 
reliable tool, used in non-intrusive measurements of turbulent flow in the laboratory 
(Nezu  and  Rodi,  1986;  Agrawal  and  Belting,  1988).  The  system  used  in  these 
experiments measured the tangential component of the flow velocity at a height of 
0.15 m  above the bed at the centre of the channel. The acquired data from LDV were 
logged to a PC at a rate of 20 Hz. 
 
Figure   4.1 The Lab Carousel filled with clay suspension. The Laser Doppler Velocimeter and 
the digital camera are shown. 
The  acoustic  Doppler  velocimeter  (ADV)  is  an  acoustic  instrument,  capable  of 
measuring three components of flow velocity at high sampling rates and with a small 
sampling  volume  (Lohrmann  et  al.,  1994;  Gratiot  et  al.,  2000).  It  consists  of  a 
transmitter and three receivers, arranged equidistantly (at 120
o) on a circle around the 
transmitter  (Figure    4.2).  The  backscattered  signal  recorded  by  the  three  receivers 
results from a common sampling volume, which is positioned at a distance of ~10 cm 
from the probe (Figure   4.2). The ADV sensor used in the Lab Carousel had been 
firmly attached to the flume wall (Figure   4.3), so that the head of the instrument was  
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approximately aligned along the centerline of the channel, while the measurements 
were obtained at a height of about 0.01 m above the flume bottom. For a sampling 
volume size equal to 9 mm the flow was sampled at a rate of 25 Hz and the data were 
logged to a PC. 
 
Figure   4.2 Operation of ADV sensor 
The Electromagnetic Current meters (EMCM) are sensors very commonly used in 
turbulent velocity measurements (Sternberg, 1991; de Witt and Kranenburg, 1996). 
However,  they  show  some  disadvantages,  such  as  zero-drift  problems  (zero  point 
tends to shift over time) and flow disturbance due to their relatively large size. They 
also  have  a  low  spatial  resolution  (Soulsby,  1980).  In  the  Lab  Carousel  the 
electromagnetic  current  meter  (Figure    4.4)  measured  the  flow  speed  in  both  the 
tangential and radial direction at a height of 0.15 m above the base in the middle of 
the channel. The sampling rate was 2 Hz and the data were logged from the EMCM to 
a Campbell Scientific CR10 data logger. The three optical backscatter sensors (OBS) 
were  mounted  in  the  flume  wall  and  monitored  the  temporal  variations  of  the  
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suspended sediment concentration at heights of 0.03, 0.10 and 0.20 m above the flume 
bed. 
The  flow  velocity  field  and  the  structure  of  the  boundary  layer  within  the  Lab 
Carousel  over  a  range  of  flow  speeds  have  been  determined  from  velocimetric 
measurements of various researchers, using a laser Doppler velocimeter (LDV) (Fung, 
1995; Thompson et al., 2003).  Their results confirmed the existence of a bottom 
boundary layer of a thickness up to 0.02 m, developed under various smooth flow 
conditions (Figure   4.5). It was also confirmed that the tangential component of flow 
velocity varies along the radial direction in the Lab Carousel, indicating the presence 
of secondary circulation (§   3.3). 
 
Figure   4.3 The ADV setup within the Lab Carousel  
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Figure   4.4 The Marsh McBirney® EMCM sensor 
 
Figure   4.5 Profiles showing the variation of tangential velocity with height above bottom in 
the Lab Carousel (Cloutier et al., 2003)  
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Figure   4.7 Calibration curve for the ADV 
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Figure   4.8 Calibration curve for the EMCM 
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Figure   4.9 Calibration of the top most OBS sensor 
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Figure   4.10 Calibration of the middle OBS sensor 
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Figure   4.11 Calibration of the lower OBS sensor  
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Figure   5.1 A typical deceleration time series recorded by the ADV at a height of 0.01 m 
above the flume bed. The data averaging has occurred over 1 second. 
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Figure   5.2 An example of decelerating flow recorded by the EMCM at 0.15 m above the 
flume bed. The data have been averaged over 1 second.  
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Figure   5.3 The bed drag coefficient versus flow velocity as recorded by the ADV at 0.01 m 
above bed. The data have been averaged over 20 seconds for clarity. 
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Figure    5.4  The  bed  drag  coefficient  versus  Reynolds  number.  The  ADV  data  have  been 
recorded at 0.01 m above bed and averaged over 20 seconds.  
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Figure   5.5 The bed shear stress versus flow velocity (ADV data) 
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Figure   5.6 The bed drag coefficient versus flow velocity (EMCM data recorded at 0.15 m 
above the flume bed)  
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Figure    5.12  Bed  shear  stress  versus  concentration  for  dilute  suspension  flows  and  drag-
reducing flows (velocity range = 0.8 m/s) 
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Figure   5.13 Mass-normalised shear stress versus concentration (velocity range = 0.8 m/s)  
  78 
the  maximum  reduction  (%)  in  drag  coefficient,  determined  for  the  maximum 
suspended clay concentration of 60 g/l relative  to the clear water  flow  is slightly 
lower, if we consider the normalized values of drag coefficient. In other words, if the 
effect of the increased mass and higher viscosity of the suspension is removed by 
normalization, then drag reduction is still observed but to a lower extent. 
In Figure   5.13 and 5.14, where the normalised shear stress (for increased mass and 
increased  viscosity  respectively)  is  plotted  against  concentration,  the  same  shaped 
relationship is observed, as in the case of the drag coefficient (Figure   5.10). However, 
for  a  given  flow  velocity  range  the  reduction  (%)  in  shear  stress  is  lower  if  the 
normalized values are considered (Table   5.5). The effect of the increased viscosity of 
the suspension on the reduction of both drag coefficient and shear stress, appears to be 
slightly lower than the effect of the increased mass of fluid-sediment mixture (Table 
  5.2 and Table   5.5). 
In earlier experimental investigations, various types of clay minerals have been used 
in the preparation of the suspensions, such as mixtures of illite and montmorillonite 
(Gust,  1976),  mixtures  of  kaolinite  and  illite  (Best  and  Leeder,  1993),  or  pure 
kaolinite (Li and Gust, 2000), as in the present experiments. The results from all these 
experimental studies agree because drag reduction has been demonstrated in all cases. 
This implies that the type of suspended clay minerals, does not play an important role 
in  the  drag  reduction  phenomenon  and  this  is  also  supported  by  the  current 
experimental work. 
Regarding the mechanisms of the reduction in drag, it is known that for a given flow 
velocity range, a sufficient increase in suspended sediment  concentration results in an 
increase in turbulence suppression near the solid boundaries, which in turn leads to a 
decrease in the bed shear stress. This effect was measured by Cloutier et al. (2003) for 
suspension flows in the Lab Carousel (§   3.3). Therefore, the turbulence damping in 
the Lab Carousel could be responsible for the shear stress reduction, which has been 
observed in the measurements. Besides, Gust (1976) measured velocity profiles in 
suspensions of clay concentration 150-380 mg/l and found that the viscous sublayer 
increased  by  a  factor  of  2-5  under  the  particular  experimental  conditions.  In  the 
present  experiments  in  the  Lab  Carousel  the  ‘thickening’  of  the  viscous  sublayer  
  80 
coefficient could be examined. The second recommendation is for an additional series 
of experiments with clay suspended in seawater, as there is a lack of data concerning 
sediment-laden seawater flows. The third option is the introduction of hydrodynamic 
roughness within the experimental turbid flows. 
To  the  above  future  improvements  one  could  add  the  investigation  of  motion  of 
suspended sediment mixtures, consisting of cohesive and non-cohesive particles. This 
problem has not received particular attention so far, although mixed sediments are 
very common in coastal and estuarine environments. It has been widely observed that 
muddy sand-beds may contain only a small amount of clay minerals. However, they 
exhibit a non-newtonian response under threshold conditions. In an extended future 
laboratory investigation, a combination of clay material with fine-grained sand could 
be used, the fine-grained sand consisting of grains of different grades from very fine 
to medium.  
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